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INTRODUCTION

Seed development represents a unique transition state in the
life cycle of higher plants, providing the physical link between
parental and progeny sporophytic generations. During embryo-
genesis, the root and shoot apical meristems are specified,
thus establishing the basic architecture of the seedling, and
differentiation of vegetative tissue and organ systems occurs.
Maturation events prepare the seed for germination and sub-
sequent development of the mature plant. During maturation,
the developing seed increases dramatically in volume and
mass due to significant cell expansion and the concomitant
accumulation and storage of protein and lipid to be used as
nitrogen and carbon sources during germination. Early dur-
ing the maturation phase, abscisic acid (ABA) levels reach a
maximum, suppressing precocious germination and modulat-
ing gene expression. Desiccation ensures seed dormancy even
in the absence of ABA and serves as the boundary between
seed maturation and germination. Following imbibition, ger-
mination and seedling growth ensue, driven metabolically by
the hydrolysis of protein and lipid stored during maturation.

This review will provide an eclectic overview of gene expres-
sion in angiosperm embryogenesis and germination. | will
focus primarily on dicot plants and will address only a small
number of the more than 3 x 104 different genes expressed
in embryos and seedlings. First, gene expression in early em-
bryogenesis will be reviewed, focusing on selected results
obtained with carrot somatic embryos. Control of gene expres-
sion during seed maturation will then be discussed, with an
emphasis on cis- and trans-acting factors involved in regulat-
ing maturation phase genes. A brief description of gene
expression during germination and: the relationship of em-
bryonic and vegetative gene expression-programs wil! follow.
The review will conclude with a prospectus for the study of
global gene expression patterns in early embryos.

GENE EXPRESSION IN.EARLY EMBRYOS

Although most of the major discernible morphogenetic events
in plants occur after germination, the overall architectural pat-
tern of the mature plant is established during embryogenesis
(see West and Harada, 1993, this issue). Following fertilization,

an asymmetric division of the zygote of many dicots yields a
basat cell that will produce the suspensor and an apical cell—
the first embryonic cell. Ensuing cleavages of the apical cell
yield a radially symmetric globular embryo with a differentiated
protoderm, or dermatogen. Further cell divisions and subse-
quent morphogenesis break radial symmetry, yielding the
bilaterally symmetric, heart stage embryo with root and shoot
apices, incipient cotyledons, and provascular tissue (for re-
cent reviews, see Meinke, 1991; Van Engelen and De Vries,
1992; De Jong et al., 1993a; West and Harada, 1993, this is-
sue). So far, few genes have been identified that are expressed
specifically during early embryogenesis, primarily because of
technical difficulties associated with the mass ratios of the em-
bryo and the surrounding maternal tissue and the lack of
molecular and cellular markers to direct screening efforts. The
most significant progress in understanding the molecular and
cellular events of early embryogenesis has resulted from ex-
periments on somatic embryos of a few plant species (De Jong
et al., 1993a; Liu et al., 1993; Zimmerman, 1993, this issue).
In this regard, analysis of embryogenic carrot cell cultures has
proven most productive (Van Engelen and De Vries, 1992; De
Jong et al., 1993a).

Several genes have been identified from carrot suspension
cultures that encode glycosylated extracellular proteins (EPs)
secreted into the medium. For example, EP1 is closely related
to Brassica and Arabidopsis S glycoproteins and to the puta-
tive S-like receptor protein kinases from maize and Arabidopsis
(see Nasrallah and Nasrallah, 1993, this issue). EP1 mRNA
accumulates in the inner and outer integument of the epidermis
of developing seeds and in nonembryogenic cells in carrot
cultures (Van Engelen et al., 1993). Although EP1 is not ex-
pressed early in somatic embryos, it is interesting because
of the potential relationship of EP1 congeners to extraceliular
serinefthreonine protein kinases, which might be involved in
embryo-related signal transduction. EP2 encodes an extracel-
lular lipid transfer protein and is one of the few characterized
genes expressed in preglobular somatic and zygotic embryos
(Sterk et al., 1991). EP2 mRNA accumulates specifically in cells
of the protoderm, where it is presumed to be involved in cutini-
zation of the embryo surface.

EP3 is a 32-kD extracellular acidic endochitinase that can
rescue a temperature-sensitive mutation (ts77) that arrests
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embryogenesis at the preglobular stage (De Jong et al., 1992).
In ts711 somatic embryos, protoderm development and expres-
sion of EP2 in the protoderm are disrupted at the restrictive
temperature. The addition of EP3 to the medium restores
temperature-sensitive protoderm development, as determined
by the recovery of EP2 mRNA expression in the protoderm
(De Jong et al., 1993b). Surprisingly, EP3 rescue of ts77 em-
bryos at the restrictive temperature is mimicked by the addition
of a Rhizobium nodulation (Nod) factor, an N-acetylglucos-
amine-containing lipooligosaccharide; these results suggest
that the endochitinase may generate plant analogs of Nod fac-
tors (De Jong et al., 1993b). Another enzyme secreted into the
medium, a cationic peroxidase, can restore globular embryo
development in carrot cultures in which somatic embryogen-
esis is impaired by tunicamycin (Cordewener et al., 1991).
These genes, like others reviewed elsewhere, will serve as im-
portant tools to further probe developmental events in the early
embryo. For example, the use of EP2 gene expression as
a determinant of protodermal differentiation has already
proven useful in the study of the ts77 mutant (De Jong et al.,
1993b), and similar studies with Arabidopsis embryo-defective
and pattern mutants are anticipated (S. De Vries, personal
communication).

CONTROL OF GENE EXPRESSION DURING SEED
MATURATION

Morphologically and biochemically, the most dramatic events
of seed development occur during maturation. These include
rapid expansion of the cotyledons and concomitant synthesis
and accumulation of proteins, lipids, and, in some cases, car-
bohydrates. Maturation also involves significant physiological
adaptations that occur within the seed to ensure embryo
dormancy, including accumulation of ABA. During late embryo-
genesis, ABA prevents precocious germination prior to
desiccation and promotes embryo maturation (reviewed in
Quatrano, 1987). The events of maturation require the coordi-
nated expression of a number of genes in response to ABA.

A Simple Model of Seed Protein and late embryo
abundant (lea) Class Gene Promoters

Previously, we suggested a bipartite organization of seed pro-
tein and /ea class gene regulatory ensembles (Thomas et al.,
1991). In this model, proximal promoter regions specify seed
expression and more distal regions function to refine and en-
hance the basic expression patterns conferred by proximal
regions. The bipartite model was developed for seed protein
and /ea class genes but may apply to other highly expressed,
tissue-specific genes.

Figures 1 and 2 summarize results from the author’s labo-
ratory in terms of the bipartite model. Proximal promoter regions
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Figure 1. Functional Organization of Seed Protein and lea Class Gene
Regulatory Ensembles.

(A) Regulatory ensembles of sunflower helianthinin and carrot DcG3
genes. Proximal promoter regions are green and purple for the helian-
thinin genes and DcG3 gene, respectively, and are indicated by the
vertical arrow; distal regulatory regions are in yellow. Black rectangle
indicates the E-box motif (CANNTG); ABREs are indicated by red rec-
tangles. Blue ovals are located above A/T-rich motifs that bind
ubiquitous sunflower nuclear proteins that are probably high mobility
group-like (HMG-like) chromosomal proteins.

(B) Helianthinin promoter proximal region drives GUS reporter gene
expression in transgenic tobacco seeds. Fluorometric GUS analysis
of developing seeds and leaves of transgenic tobacco containing the
helianthinin promoter proximal region (—116 to +24) fused to a trans-
lationally enhanced GUS reporter gene. GUS activity in 30-days
postflowering (DPF) seeds is ~100 times that in leaves.

(C) DcG3 promoter proximal region drives GUS reporter gene expres-
sion in transgenic tobacco seeds. Fluorometric GUS analysis of
developing seeds and leaves of transgenic tobacco containing the DcG3
promoter proximal region (—117 to +26) fused to the GUS reporter
gene. GUS activity in 30-DPF seeds is ~450 times that in leaves. GUS
activity units are pmoles 4-methylumbelliferone/ug/min.

(—116 to +24) of two nonallelic sunflower genes, HaG3-A and
HaG3-D, both encoding the legumin-like seed protein heli-
anthinin, are identical (Figure 1A). This region can direct
seed-specific expression of the B-glucuronidase (GUS) reporter
gene (Figure 1B); expression is localized primarily to the em-
bryonic apical region and the cotyledons (Figure 2A). Distal
elements in the helianthinin regulatory ensemble, including
A/T-rich enhancer elements and ABA-responsive elements
(ABREs), expand the tissue boundaries of helianthinin ex-
pression and modulate expression both temporally and



quantitatively (Bogue et al., 1990). Additional elements main-
tain hierarchical control over distal ABREs, so that in the
helianthinin promoters these elements are ABA responsive only
in developing seeds (Thomas et al., 1991; A. Nunberg, Z. Li,
M. Bogue, J. Vivekananda, A. Reddy, and T.L. Thomas, un-
published resuits).

The promoter of the carrot lea class gene DcG3 has a nearly
identical organization (Figure 1A). A proximal region (-117 to
+26) confers ABA-independent, seed-specific GUS expres-
sion in transgenic tobacco (Figure 1C). The expression pattern
is similar, but not identical, to that of the helianthinin promoter
proximal region (compare Figures 2A and 2B). Distal ABREs
modulate DcG3 expression in response to changing ABA con-
centrations in developing seeds and in desiccated vegetative
tissues (Vivekananda et al., 1992).

The bipartite model applies to other dicot seed protein genes
as well. A proximal promoter region of the phaseolin gene, in-
cluding a portion of the transcriptional activator sequence
(UAS1), confers seed-specific GUS expression; distal positive
and negative elements provide additional spatial and temporal
regulation of phaseolin expression (Bustos et al., 1991). Goldberg
et al. (1989) suggested that proximal elements up to ~77 of
the soybean lectin (Le7) and —66 of the glycinin (Gy7) genes
were required for correct spatial and temporal expression of
these genes; more distal elements were again required for their
quantitative regulation. Furthermore, proximal promoter regions
of the soybean B-conglycinin o’ subunit gene (=140 to +13)
and of the Phaseolus vulgaris (French bean) lectin (dlec2) gene
(—125 to +1) are sufficient for tissue-specific expression
(Voelker et al., 1987; Lessard et al., 1993).

Figure 2. Localization of GUS Expression Driven by Proximal Pro-
moter Regions of Sunflower Helianthinin and Carrot DcG3 Genes in
Transgenic Tobacco Seeds.

(A) X-Gluc staining of 18-DPF transgenic tobacco seeds containing
the same construction as in Figure 1B.
(B) X-Gluc staining of 18-DPF transgenic tobacco seeds containing
the same construction as in Figure 1C.
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Seed Protein Gene Regulation

Expression of seed storage proteins is rigorously tissue spe-
cific; expression occurs primarily in the embryonic axis and
cotyledons and, in some cases, in the endosperm of develop-
ing seeds but never in mature vegetative tissues. The
expression patterns of seed protein genes are highly regulated
spatially and temporally during seed development (Goldberg
et al., 1989; Perez-Grau and Goldberg, 1989; Guerche et al.,
1990), and resulting storage proteins are processed and tar-
geted to protein bodies (Shotwell and Larkins, 1989). The
tissue-specific expression of seed protein genes during seed
development has made them especially useful as models of
gene expression in embryogenesis, and as a consequence,
there have been extensive studies on the structure and ex-
pression of these genes from numerous plant species.

Table 1 lists several classes of DNA sequence motifs and,
in some cases, the associated trans-acting factors that have
been implicated in the regulated expression of seed protein
genes. Many of these motifs were identified because of their
phylogenetic conservation; few have been analyzed in any de-
tail. Furthermore, a number of detailed studies have failed to
provide a definitive picture of the roles of specific sequences
in seed protein gene expression.

Why has it been so hard to define seed-specific cis-regulatory
elements? Two major factors have contributed to this conun-
drum. First, regulatory ensembles of seed protein genes are
extensive, often including more than a kilobase of upstream
sequence (Figure 1), making it difficult to identify DNA se-
quences for detailed functional analysis. Second, seed protein
gene regulatory ensembles are the result of combinatorial in-
teractions of multiple DNA elements. Therefore, it is not
surprising that analysis of individual elements comprising these
ensembles has sometimes led to conflicting results on the role
of specific elements in a regulatory ensemble (Baumlein et
al., 1991, 1992).

Proximal Seed Specification Elements

The maize regulatory locus opaque?2 (02) plays a critical role
in regulating expression of the genes encoding one class of
maize seed proteins, the 22-kD zeins (see Lopes and Larkins,
1993, this issue). The O2 protein recognizes the sequence
TCCACGTAGA in the promoter of 22-kD zein genes (Schmidt
et al., 1992). This motif is present only in promoters of 22-kD
zein genes; it is not present in the promoters of other classes
of zein genes, although there are closely related sequences.
02, a basic leucine zipper (bZIP) protein, functions in yeast
as a trans-activator of promoters that include the O2 target site
(Schmidt et al., 1992). Recently, a second maize bZIP protein,
OHP1, was isolated based on its interaction with O2 (Pysh et
al., 1993). OHP1 binds to the O2 target sequence in vitro as
ahomodimer or as a heterodimer with O2. Because mutations
in O2 abolish expression of the 22-kD zeins, the simplest model



1404 The Plant Cell

Table 1. DNA Sequences Implicated in Regulating Gene Expression in Developing Seeds

trans-Acting
Sequence Motif2 Gene Regulatory Function Factor(s) Reference
ACGT Motifs
GGACACGTGGC Wheat Em ABA regulation EMBP-1 Guiltinan et al. (1990)
- CCGTACGTGGC Rice Rab16 ABA/desiccation TAF-1 Mundy et al. (1990); Oeda et
al. (1991)
TGTTACGTGCC Carrot Dc3 ABA/seed expression (bZIP)> H. Chung and T.L. Thomas
(unpublished results)
TTCCACGTAGA Maize 22-kD zein Seed expression 02 Schmidt et al. (1992)
ACACACGTCAA French bean Seed expression 02 M. Bustos (personal
phaseolin communication)
-GCCACGTGGC Synthetic (PA)° Root expression TAF-1 Salinas et al. (1992)
- -GTACGTGGC Synthetic (lwt)d Seed expression (bZIP) Salinas et al. (1992)
ATGTACGAAGC Sunflower helianthinin ABA regulation (bZIP) A. Nunberg, Z. Li, M.
Bogue, J. Vivekananda,
A. Reddy, and T.L.
Thomas (unpublished
results)
GGACGCGTGGC Synthetic (hex-3)° Seed/ABA/desiccation (bZIP) Lam and Chua (1991)
RY Repeat Motifs
CATGCATG Vicia faba LeB4 Quantitative seed expression Unknown Baumlein et al. (1992)
Soybean glycinin Quantitative seed expression Unknown Lelievre et al. (1992)
(Gy2)
Other dicot and Dickinson et al. (1988)
monocot seed
protein genes
CATGCATGCA Maize C1 Seed expression/ABA VP1 Hattori et al. (1992)
(Sph Element) Wheat Em Unknown Unknown Marcotte et al. (1989)
Maize Rab17 Unknown Unknown Vilardell et al. (1990)
(CA), Many monocot and (Negative regulatory Unknown Goldberg (1986); Lessard et
dicot seed protein sequence) al. (1993); Vellanoweth
genes and Okita (1993)
E-Box
CANNTG French bean (Seed expression) (bHLH) Kawagoe and Murai (1992)
phaseolin
A/T Motifs Most dicot and Quantitative regulation HMG or HMG-like Jordano et al. (1989);
monocot seed (Nonspecific enhancer) Bustos et al. (1989);
protein genes Pederson et al. (1991);
Jofuku et al. (1987);
Allen et al. (1989)
WS Motifs
TGATCT Sunflower helianthinin Seed expression Muiltiple unknown A. Nunberg, Z. Li, M.
AGATGT Sunflower helianthinin Seed expression Multiple unknown, Bogue, J. Vivekananda,

A. Reddy, and T.L.
Thomas (unpublished
results)

a2 Abbreviations are as follows: N = A, G, C,orT; R =AorG;Y=CoT;W=AorT;S =GorC.
b Parentheses indicate proposed or hypothetical functions or factors.

¢ PA, perfect palindromic sequence containing G-box-related sequence.
d lwt, wild-type motif | containing G-box-related sequence.

° hex-3, mutant of hex-1 sequence from wheat histone H3 promoter.




for OHP1 function is as a heterodimeric partner of O2 to acti-
vate 22-kD zein genes; however, other models are also under
consideration.

The phaseolin UAS1 contains a motif similar to that bound
by O2 (Table 1), and, in fact, the phaseolin motif binds 02
synthesized in Escherichia coli (M. Bustos, personal commu-
nication). However, additional motifs, including an E-box, vicilin
box, and putative ABRE, are present in UAS1, and it is likely
that more than one sequence motif acts together to mediate
seed-specific activation of heterologous promoters by UAS1.
Furthermore, the results of Kawagoe and Murai (1992) sug-
gest that an E-box (CANNTG) located at the distal end of UAS1
binds seed nuclear proteins; a functional role for this interac-
tion was hypothesized, but definitive data are not currently
available. In animals, this motif frequently binds to basic helix-
loop-helix (bHLH) transcription factors and is involved in cell
specification (Weintraub et al., 1991). In plants, bHLH proteins
are involved in anthocyanin expression in maize seeds and
flowers (Ludwig et al., 1989; Goodrich et al., 1992). Therefore,
it is possible that a bHLH protein may be involved in the inter-
action with E-box motifs and may function in the tissue-specific
expression of seed protein genes. In this regard, it is notewor-
thy that the DcG3 proximal seed specification element (—117
to +26) includes three E-box motifs (H. Chung and T.L.
Thomas, unpublished results). The proximal promoter regions
of soybean and French bean lectin genes have no E-boxes;
the latter, however, both contain at least one CATGCCAT motif
(Table 1) as does the B-phaseolin gene.

The proximal promoter region (-140to +13) of the soybean
a’ subunit of B-conglycinin is sufficient for seed-specific ex-
pression in transgenic tobacco (Lessard et al., 1993). This
region contains a binding site for the soybean nuclear factor
SEF4 (Lessard et al., 1991) as well as a vicilin box, GCCACCTC
(Gatehouse et al., 1986). However, just as with the phaseolin
UASH1, additional elements are present in the o' subunit pro-
moter proximal region that may be involved in seed-specific
expression: these include a CATGCAT sequence, an ACGT
motif, and an E-box. As a consequence, it is not possible to
identify a single motif that confers seed expression of
B-conglycinin.

The proximal region of the helianthinin promoter (-116 to
+24) contains two copies of the E-box motif. However, muta-
tions in these motifs, including nucleotides required for bHLH
binding, do not affect their ability to bind sunflower nuclear
proteins, thus indicating that the E-box motifs in the helianthi-
nin promoter proximal region do not function by interacting with
bHLH nuclear proteins. Although these results are negative,
they are instructive because they illustrate the danger of rely-
ing on consensus sequences to identify putative cis-regulatory
elements. Two sequence motifs, AGATGT and TGATCT, each
occur twice in the helianthinin promoter proximal region,
AGATGT at —111 and -58 and TGATCT at —83 and —41. These
motifs, designated “WS” in Table 1, specifically bind partially
purified nuclear proteins from sunflower (Table 1) and appear
to be related, having the consensus sequence WGATST, where
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W = Aor T and designates weak (two) hydrogen bonds and
S = G or C and designates strong (three) hydrogen bonds.

Disruption of the helianthinin promoter proximal region at
-75, including the WS muotifs, results in loss of GUS expres-
sion or ectopic GUS expression in nonembryonic tissues (A.
Nunberg, Z. Li, M. Bogue, J. Vivekananda, A. Reddy, and T.L.
Thomas, unpublished results). Point mutations in the WS mo-
tifs abolish binding to seed nuclear protein(s); furthermore,
these mutations significantly reduce the activity of the promoter
in transgenic tobacco (Z. Li and T.L. Thomas, unpublished
results). We speculate that the WS motifs act in concertin the
function of the proximal promoter region and that an impor-
tant component of their function is the alteration of the topology
of the promoter complex.

Distal Regulatory Elements

Additional elements are required to modulate and expand the
dynamic range of seed protein gene expression in time and
space (Table 1). The CATGCATG, or RY, motif is widely dis-
tributed in dicot and monocot genes and comprises a portion
of the 28-bp legumin box (Bdumlein et al., 1986; Dickinson
et al., 1988). Deletions of the RY repeat in the Vicia faba (broad
bean) LeB4 gene and the soybean glycinin gene result in a
decrease in reporter gene expression in transgenic tobacco
seeds (Baumlein et al., 1992; Lelievre et al., 1992). Interactions
between the CATGCATG element and more distal sequences
are required for high level expression. Furthermore, in the case
of LeB4, more proximal sequences located 3'to —68 were im-
plicated in tissue-specific expression. Other distal activation
sequences have been described, including UAS2 and UAS3
in the phaseolin gene (Bustos et al., 1991) and the “a’ frag-
ment (-257 to -206) of the o subunit of the soybean
B-conglycinin gene (Lessard et al., 1993). It is instructive to
note that closer analysis of a previously reported seed-specific
enhancer, which includes the AVCCCA motif (where V = A,
C, or G) that binds to another soybean nuclear factor, SEF3
(Chen et al., 1988; Allen et al., 1989), failed to confirm seed-
specific enhancement by this motif (Lessard et al., 1993). This
demonstrates the need to verify by more than one approach
the function of putative cis-regulatory elements.

ABA is involved in regulating expression of specific genes
in embryos of all seed plants studied so far, including cotton,
rape, soybean, sunflower, wheat, rice, barley, and maize
(Skriver and Mundy, 1990; Thomas et al., 1991). ABA is required
for the accumulation of the 128 seed protein cruciferin in Bras-
sica embryos (Finkelstein et al., 1985), for the continued
synthesis of the § subunit of B-conglycinin in soybean cotyle-
dons (Bray and Beachy, 1985), and the modulation of sunflower
helianthinin gene expression (Thomas et al., 1991; A. Nunberg,
Z.Li, M. Bogue, J. Vivekananda, A. Reddy, and T.L. Thomas,
unpublished results). In maize, ABA is required for the initia-
tion of synthesis and accumulation of storage globulins (Rivin
and Grudt, 1991). Little is known about the sequences involved
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in ABA-responsive expression of seed protein genes, the only
examples being those of the sunflower helianthinin genes (Ta-
ble 1). Itis interesting that helianthinin ABREs are closely linked
to A/T-rich putative enhancer elements (Figure 1); this may
account for the exceptionally high levels of ABA induction of
the sunflower ABREs compared to ABREs in Jea class genes
(Marcotte et al., 1989; Thomas et al., 1991).

A/lT-rich domains, which bind to ubiquitous, prevalent nu-
clear proteins, are present in the regulatory ensembles of most,
if not all, seed protein genes (Table 1). For example, phaseolin
UASS3 contains an A/T-rich domain (Bustos et al., 1991) that
acts as an enhancer in transgenic tobacco (Bustos et al., 1989).
Similarly, the A/T-rich domains of sunflower helianthinin genes
drive GUS expression from a truncated caulifiower mosaic vi-
rus 358 promoter in seeds of transgenic tobacco (Jordano et
al., 1989). In some cases, the nuclear proteins that bind to A/T-
rich domains have been shown to be high mobility group chro-
mosomal proteins (Pederson et al., 1991). It is possible that
AlT-rich domains act as nonspecific enhancers by function-
ing as scaffold attachment regions creating transcriptionally
active domains that include seed protein and other highly ex-
pressed genes.

In addition to these positive regulatory elements, several
groups have identified distal negative regulatory elements. The
motif AGAAMA, where M = A or C, occurs frequently in nega-
tive regulatory sequences such as NRS1 (—391 to —295) and
NRS2 (-518 to -418) in the phaseolin gene (Bustos et al.,
1991) and may bind the seed nuclear factor AG-1 (Kawagoe
and Murai, 1992). The “b” fragment (-206 to —140) of the soy-
bean B-conglycinin gene contains a potent negative element;
the motif (CA), may play a role in its function (Lessard et al.,
1993). This motif is cis-dominant to more proximal seed specifi-
cation elements, but the more distal “a’ fragment activation
sequence (see above) completely overrides the negative ef-
fect of the “b” fragment.

Regulation of lea Genes

lea genes are ubiquitous in monocots and dicots (Dure et al.,
1989). They are characterized by their ABA-modulated expres-
sion in fate maturation phase embryos and by their
-ABA-induced expression in response to various environmen-
tal stresses, including desiccation (Skriver and Mundy, 1990).
Lea proteins may function to protect cellular structures in ma-
ture embryos during seed desiccation and in water-deficient
vegetative tissues; however, a direct relationship between these
proteins and desiccation tolerance has yet to be demonstrated.

Significant progress has been made in the elucidation of
amajor class of cis-acting DNA sequences involved in the regu-
lated expression of Jea genes (Table 1). Marcotte et al. (1989)
identified an ABRE in the 5’ sequence of the wheat Em gene
that is required for ABA-responsive GUS reporter gene expres-
sion in rice protoplasts and in transgenic tobacco. The ABRE
includes the motif CACGTGGC, which binds to the bZIP tran-
scription factor EMBP-1 (Guiltinan et al., 1990). Other ABREs

from /ea class genes of dicots and monocots are congeners
of the wheat ABRE (Table 1); the core of the ABRE consensus
sequence is the ACGT motif that in plants has frequently been
associated with binding to bZIP transcription factors (Schindler
etal., 1992). However, it is apparent that motifs divergent from
the CACGTGGC motif, and even from the ACGT core, can
confer ABA-responsive gene expression under some circum-
stances (Table 1).

The Sph element, so designated because it contains an Sph/
restriction site, is present in several cereal genes, most nota-
bly the maize C7 gene (Hattori et al., 1992); it represents a
more extensive RY repeat (Table 1). The Sph element appears
to be involved in ABA modulation of C7 gene expression dur-
ing seed maturation, and the Viviparous-1 (Vp1) gene product
is apparently involved. However, although VP1 behaves as a
trans-acting factor, VP1 has not so far been shown to bind to
the Sph element or to any other DNA sequence. VP1 may act
indirectly on the Sph element via other transcription fac-
tors to confer ABA-responsive C7 expression during seed
maturation.

GERMINATION GENE EXPRESSION PROGRAMS

Germination and postgerminative development constitute a
critical node in the sporophytic life cycle. During this period,
the basic architecture of the mature plant is established, fol-
lowing the pattern formed during embryogenesis, and dramatic
physiological changes occur. Lipid and protein reserves are
mobilized in the germinating seed to provide carbon and nitro-
gen for the seedling prior to the initiation of photosynthesis.
Distinct mRNA populations are expressed in seedlings as com-
pared to embryos and mature plants, but a number of genes
expressed at high levels in seedlings are also represented in
developing seeds (Harada et al., 1988; Hughes and Galau,
1988). Four genes, those encoding isocitrate lyase (IL) and ma-
late synthase (MS) as well as two genes whose functions are
unknown, are exemplary of germination and postgerminative
gene expression programs.

IL and MS are important glyoxylate cycle enzymes involved
in mobilizing stored lipids in plant seedlings. The expression
of genes encoding these enzymes has been studied in a num-
ber of plants, including sunflower, cucumber, and oilseed rape
(Allen et al., 1988; Comai et al., 1989; Graham et al., 1990).
IL and MS are expressed coordinately at high levels in oilseed
rape seedlings; there is significant but lower expression in de-
veloping oilseed rape embryos. This pattern is seen with a
cucumber MS gene (Graham et al., 1990) and has been in-
ferred for the sunflower IL gene (Allen et al., 1988). In oilseed
rape seedlings, IL and MS mRNAs accumulate primarily in
the axis and cotyledons; in late postgerminative seedlings, IL
transcripts accumulate to high levels throughout cotyledon pa-
renchyma cells (Comai et al., 1989; Dietrich et al., 1989). Thus,
not surprisingly, the accumulation patterns of IL and MS



transcripts parallel the lipid mobilization patterns within the
cotyledon.

COT44, which probably encodes a cysteine protease, is ex-
pressed in the vascular tissue and epidermis of cotyledons
but not in storage parenchyma cells of oilseed rape seedlings
(Dietrich et al., 1989). This suggests that if COT44 does en-
code a protease, it probably does not function to mobilize seed
storage proteins. On the contrary, epidermal expression of
COT44 suggests a potential role in pathogen defense. No in-
formation is available on potential cis-regulatory elements that
may direct expression of COT44 or the IL and MS genes.

The expression pattern of the postgermination abundant
gene AX92 is similar, but not identical, to those of the genes
discussed above. AX92 mRNA is expressed in the ground
meristem and mature cortex of the root apex of oilseed rape
seedlings and in cortex cells at the root apex of the embryo
(Dietrich et al., 1989). Studies on the expression of chimeric
GUS reporter genes containing 5’ and 3' DNA elements of AX92
showed that 3’ AX92 elements are required for appropriate
quantitative and, more importantly, qualitative control of re-
porter gene expression (Dietrich et al., 1992). Deletions to —180
had a quantitative effect, but little qualitative effect, on axis
expression. However, an element responsible for activating ex-
pression in seedling hypocotyl is located between —2400 and
-960. Sequences located 3’ to the AX92 coding region are
required for embryonic and seedling axis expression. So far,
little is known about the specific 3' sequences involved or
whether regulation is transcriptional or post-transcriptional.

PROSPECTUS

We are on our way to understanding the regulation of gene
expression in the maturation phase of seed development, and
we will soon understand the specific interactions between cis-
and trans-acting factors required for spatial, temporal, and hor-
monal regulation of seed protein and lea class genes. In some
cases, genes encoding the trans-acting factors are in hand;
others will be available in the near future. With tools such as
seed protein and /ea class cis-regulatory elements, their cog-
nate trans-acting factors, and the genes encoding important
trans-acting factors, we can “bootstrap” our way 10 a second
level of the embryo gene regulatory hierarchy. This will pro-
vide one approach to understanding regulatory events of early
embryogenesis. Even so, this will only be complementary to
more direct efforts aimed at understanding the cellular and
molecular events of early embryogenesis, a period that is ar-
guably the most important of plant development. In the
following, a brief prospectus for the molecular and cellular anal-
ysis of early plant embryogenesis is presented.

Kamalay and Goldberg (1980) determined that ~2 x 104
diverse sequences are expressed in tobacco embryos; this
represents an upper bound on the total number of sequences
involved in embryogenesis. These studies, however, were
insensitive to very early stages of embryogenesis. New
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technologies, including polymerase chain reaction~based sub-
tractive hybridization (Wang and Brown, 1991), differential
display of mRNA (Liang and Pardee, 1992), transposon tag-
ging (Chuck et al., 1993; Fedoroff and Smith, 1993), and
amplified antisense RNA (Van Gelder et al., 1990), now allow
us to address the complexity of sequences expressed in early
embryos, where mRNA mass is limiting, and to isolate genes
expressed in the early embryo (Meinke, 1991). Microsurgical
(Schiavone and Racusen, 1991) and in situ techniques, in some
cases coupled with the previously mentioned techniques, will
provide critical new information on early embryo gene expres-
sion in time and space.

Assessing the role of newly identified genes expressed in
early plant embryos is challenging. So far, stable knockouts
of specific genes by homologous recombination, insertional
mutagenesis (Meinke, 1991), or site-specific cleavage (Mergny
et al., 1992) are problematic. However, antisense (McGurl et
al., 1992) and dominant negative (Amaya et al., 1991) knock-
outs offer attractive alternatives. Overexpression and ectopic
expression of wild-type and mutant genes represent another
approach. Genes can be overexpressed in appropriate time
and space when driven by enhanced, homologous promoters,
ectopically expressed in tissues or developmental stages in
which the gene would not normally be expressed using the
numerous heterologous tissue-specific promoters now avail-
able, transiently induced with small molecules such as
tetracycline (Gatz et al., 1991), or repressed reversibly with the
lac/IPTG system (Wilde et al., 1992). Cell and tissue ablation
with dominant “killer" genes, such as diphtheria toxin or
ribonuclease, driven by cell- and tissue-specific embryo pro-
moters (e.g., Mariani et al., 1990, and references therein) will
provide further insight into early embryo gene function. Addi-
tional upstream genes and downstream targets of transcription
factors may be isolated by coupled insertional mutagenesis/
enhancer trap screens and the numerous strategies available
to identify and analyze specific protein~-DNA complexes and
their role(s) in early embryo gene regulation. These and com-
plementary genetic approaches will lead to the elucidation of
critical genes required for early embryogenesis and the regula-
tory networks that control them.
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